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A non-linear theory for  the calculation of the flow field of a n  oblique 
flat plate under blockage condition i s  given using the techniques of integral  
equations. Numerical resu l t s  a r e  obtained with the aid of a high speed 
digital computer for  the plate situated mid-channel at values of the angle 
of attack f r o m  5O to 90° and the channel width-chord ra t io  f r o m  3 to 20. 
Also obtained a r e  resu l t s  for  the plate situated a t  two different off-center 
positions for  a channel width-chord ra t io  5 and angles of a t tack l e s s  than 
30°. 
NOMENCLATURE 
A = leading edge of the plate; origin of the coordinate system. 
B = trail ing edge of the plate; x = 1. 
C = scale  factor.  
C~ = drag coefficient. 
C~ = l i f t  coefficient. 
D = stagnation point on the plate. 
=D = drag force.  
f = complex potential. 
H~ = normal  distance f r o m  A to the upper channel wall. 
H , H  = widths of the flow above and below the dividing s t reaml ine  a t  
1  2  ups t r eam infinity. 
h , h  = widths of the flow above and below the cavity at downstream 
1 2  infinity . 
I = flow a t  ups t ream infinity. 
J = flow a t  downstream infinity between the upper cavity and 
channel wall. 
K = flow a t  downstream infinity between the lower channel and 
cavity wall. 
k , k = paramete r s  in  the transformation. ko' 1 2  
p a  = f r e e  s t r e a m  pressu re .  - 
PC = cavity p res su re .  
U ,  V = uniform up - and downstream velocities respectively.  
W = channel width = H f H . 
1 2  
w = complex velocity. 
z = x f iy, the physical plane. 
a = angle of attack. 
a = (p, - pc)/-$ p u2 , cavitation number.  
P = density of the liquid. 
8 = direction of the flow. 
~ntroduct ion  
The two-dimensional cavity theory of a n  unbounded fluid, with the 
recently published works (' ) J  (' )on the non-linear solution of bodies of gen- 
e r a l  shape, can be  considered a well  established field. F o r  a n  experi-  
mentalist  who has  to per form the t e s t s ,  however, the existing theories  can- 
not always be applied directly and have to be  modified mainly because the 
flow one c rea te s  for experiment i s  often bounded by different types of 
boundaries. These boundaries can be f r e e  surfaces of constant p r e s s u r e  
if  the equipment in  use is a jet ,  r igid walls if  it is a water  tunnel, o r  both 
i f  it is a f r e e  surface channel. The essent ial  problem i s  to  determine the 
effect of the boundaries.  In the past ,  many papers  have been published 
on this  problem. A smal l  portion of these a r e  l is ted h e r e  a s  r e fe r  - 
ences ( )  J J . We shall  not repea t  what they have done since 
these re ferences  a r e  available and well  known. This paper a l s o  deals with 
this  problem, but the in t e res t  i s  focused only on the unsymmetr ic  flow fo r  
a r b i t r a r y  angle of a t tack and the boundaries considered a r e  r igid walls.  In 
a subsequent repor t ,  we shal l  t r e a t  the c a s e s  of the f r e e  je t  and the f r e e  
surface channel. 
I t  i s  a well known fact  that the cavity length behind a body depends 
essentially on 0 ,  a n  important parameter  known a s  the cavitation number 
and defined a s  
Here p i s  the f r e e  s t r e a m  p r e s s u r e ,  U the f r e e  s t r e a m  velocity, and 
CO 
PC i s  the cavity p r e s s u r e  presumably nearly constant. In general ,  the 
length would inc rease  a s  o dec reases  and with the presence  of f r e e  s u r -  
f aces ,  e.  g.  in  a jet ,  would become ze ro  when the length approaches 
infinity. However, this phenomenon i s  not observed in  a water  tunnel 
with rigid walls.  In this c a s e  o- would -each a finite positive l imit  o a s  
C 
the cavity length inc reases  indefinitely hence cavitation numbers  below o c 
a r e  not attainable. Thus not a l l  cavity flow conditions can be modeled in a 
water  tunnel. The phenomenon corresponding to = in  a water tunnel 
C 
i s  called blockage o r  choking and the determination of i s  therefore one 
C 
of the central  problems in water  tunnel testing of cavity flows. 
In this paper ,  the two -dimensional non-linear theory of a choked 
unsymmetrical  flow over a f la t  plate a t  a n  a r b i t r a r y  angle of attack is 
worked out using the techniques of integral  equations. Numerical resul t s  
a r e  obtained on a high speed digital computer (IBM 7094). 
Formulation of the problem and prel iminary calculations. 
Consider the idealized cavity flow in a water tunnel with rigid walls,  
depicted in Fig. 1. We assume  a uniform upstr  eam flow with velocity U , 
and a uniform downstream velocity V a s  the cavity, which has  a station- 
a r y  interface,  approaches i t s  maximum cross-sect ion.  The flat plate,  s e t  
a t  an  a rb i t r a ry  angle of attack, can be located anywhere in the tunnel and 
the s t r e a m  a f t e r  impinging on the frontal  side of the plate separa tes  smoothly 
a t  both i t s  leading and trailing edges. The plate i s  of length unity o r  one may 
say a l l  dimensions a r e  normalized by the chord. The coordinate axes a r e  s e t  
normal  and paral lel  to the plate with the origin a t  the leading edge. 
If we cal l  w, the velocity vector ,  with magnitude Iw / and direction 
i 6 6 ,  G = 1 w 1 e , then in our coordinate system, the uniform velocities a t  up- 
ia ia 
and downstream infinities a r e  U e and V e respectively. 
The boundary conditions for the problem a r e :  
6 = a , on the channel walls 
6 = 0 ,  on the plate f rom D to B 
6 = .rr ,  on the plate f r o m  D to A 
I w 1 = V , on the cavity walls. 
The force  coefficients a t  the choking condition can be obtained f r o m  
momentum consideration in t e r m s  of the channel width, the angle of attack 
and the cr i t ical  cavitation number; 
p v 2 ( h  + h ) - p u 2  W =  (pa-pc)W-F,, 
1 2  
( 2  
where FD i s  the drag ,  by conservation of volume, V(h t h ) = WU and 
: 1 2  
by definition 0 = (pa- pc)/k p U ' . Substituting 
- F,, - (P, - p c ) W t  pu2w--pvuw ( 3 )  
.I. ,o- 
The subscript  i s  dropped since the cavitation number we r e f e r  to f r o m  
now on i s  always the choked one. 
and the drag coefficient i s  
A ~ ,  the a r e a  pe r  unit span, i s  equal to one for  a plate of unit length. 
The l i f t  coefficient i s  
Theorv 
Assuming the flow to be i r rotat ional ,  there  exists a complex poten- 
t ia l  f = V t i +. The flow field in  the f -plane i s  shown i n  Fig.  2 .  The two 
channel walls a r e  represented  by the s t reaml ines  + and -+ while the 
1 2 
dividing s t reaml ine  coincides with the negative v -axis.  The stagnation 
point D i s  chosen a s  the origin and the cut along the positive cp -axis r e -  
presents  the two branches of the s t reamline split a t  D. The leading and 
trail ing edges of the plate a r e  located somewhere on the upper and lower 
branches respectively.  With re ference  to Fig.  1 ,  the values of + and 
1 
+ a r e  given a s  
We procsed to so l~ re  the problem by introducing a new variable a, 
defined by 
v 
T = l o g  - , 6 = -a rg  w. (7 ) 
IwI 
The choice of using !G? a s  the dependent var iable  for  the problem Js pug- 
gested by the existing boulidary conditions. 
The flow fields in the f and the S2-planes a r e  to be connected through 
a parametr ic  var iable  & = $ + i q .  Consider the transformation 
The flow in the f -plane is  mapped into the upper half ;-plane with the 
boundaries on the rea l  1; or 5 - axis a s  shown in  Fig. 3. The upst ream I 
behaves like a source a t  5 = ko while the downstreams J and K be- 
have like sinks a t  = k and k respectively. The net strength of 
1 2 
these singularities i s  certainly zero. The jump conditions on the f -plane 
further furnish the relations; 
- K C  h = -  1 
I V ( k - k  k - 
2 I ) (  0 1 )  
and 
Combining Eqs. (9)  and (10) yields the ratio 
The constant C is  a scale factor to be determined later  in the theory. 
C2 has the following values along the 5 -axis and 1 = O+. 
I m Q = - i r ,  c < - 1  - 
I m R =  0, 6 > 1  
Re C 2 =  0, - 1 < 5 < k  , k < e <  1 
1 2  
I m Q = a ,  k < c < k .  
1 2 
(12) 
We further define 
a = n  + a ,  
0 L (13) 
where fiO i s  associated with the unbounded fluid. Q i s  split up in this 
way to make the solution readily obtainable. The t e r m  B , which r e -  
1 
presents  the effect of the walls, i s  added to the unbounded fluid t r ans -  
cendentally to maintain the total exact solution. When the channel width- 
chord rat io i s  very large,  C2 then can be considered merely a s  a pe r -  
1 
turbation of the unbounded flow. 
With reference to Figures 4a and 4b, Q0 has the fo rm 
Go = cosh"5 = log ( 5  t i n ) .  
Along the 6-axis, 
Fo r  15 1 < 1, no i s  given by 
The remaining part ,  51 which i s  caused by the presence of the 
1 
channel walls, then takes the boundary values; 
The boundary condition for  on the <-axis is shown in  Fig. 5. Three 
1 
branch cuts appear on the 5-axis; these a r e  f rom 5 = - 03 to k = - 1, f r o m  
5 = 1 to 5 = t.9 and f r o m  6 = k to 5 = k . The f i r s t  two cuts r epre -  
1 2 
sent the plate and the las t  one the channel walls in the z-plane. 
We now have a boundary value problem involving the unknown 
function, R1 (5). which can be formulated and solved a s  a Hilbert problem. 
By analytic continuation 
Ql (I;) = -El (5 ) .  
The region i s  extended to the lower half t;-plane with the Re odd and 
1 
the Im R even with respect  to the &.-axis. We now introduce the auxi- 
1 
l iary function 
which has the following properties;  
i) H(5) has the proper branch cuts (tj = -1, k k , and f 1 a r e  branch 
1 ,  2 
points ). 
ii) On the Re tj axis: 
A new function 
(35)  = Q1(tj) H(5) 
i s  then formed which has on the Re tj axis ;  
I m G =  0 ,  k < k < t i o  
2 
With the aid of Plemelj 's  formula('l), the solution of the Hilbert problem i s  
given immediately by 
However, the constants k and k cannot be arb i t rar i ly  chosen for  a fixed 
1 2 
a because of a physical condition that must  be imposed on the solution. 
Specifically, the solution i2 must  behave locally like a stagnation flow 
a t  the stagnation point. In the 6-plane, the stagnation point corresponds 
to L; = a. The local stagnation flow can be shown to  behave like log t; a s  
approaches infinity; this behavior i s  already incorporated into the 
function SZ . We require,  therefore that i2 be finite a t  infinity. If Eq. 
0 1 
( 2 0 )  i s  expanded in inverse powers of t j ,  this condition i s  seen to be  
given by the requirement that 
Thus for a given value of a ,  Eq. (21) determines the relation between 
k and k . 
1 2 
We a r e  now able to determine o f r o m  51 in Eq. (20). At up- 
1 
s t r e a m  infinity in the physical plane, 1 w/ = U and 5 = ko. 
1 
51 = 7 = log --V = - L/(k - k-)(k-- k .  )(l  - k p )  r 2  [a -p( t ) I  d t  1 1  u lf 
F r o m  our previous discussion, o = v2/u2- 1 ,  therefore Eq. (22) enables 
u s  to  calculate o when the integral on the right hand side i s  evaluated. 
In o rde r  to  complete the solution, we shal l  re la te  the geometry 
of the flow to the undetermined constants. Utilizing the definition of the 
complex velocity, we have the relation 
With the a id  of Eqs.  (8a), (13) and (14) and upon integration, 
When we apply Eq. (24) along the plate f r o m  A to B, the normalized 
chord i s  obtained; 
(25) 
The f i r s t  integral  on the right hand side represents  the distance f r o m  the 
stagnation point to the trail ing edge, we therefore  find the location of the 
stagnation point. 
HA' the height of A below the upper channel wall  can be de ter -  
mined in a s imi lar  way. With re ference  again to  Fig. 1 ,  
since i2 i s  purely imaginary and equal to i 0  in the interval -1151 k . 
1 1 1 
The channel width W i s  expressed through continuity a s  
Final Results. 
We have applied the theory to calculate the case of a flat plate 
positioned mid-channel for various values of a and W. The range in 
a i s  f rom 5O to 90° and in W f rom 3 chords to 20 chords. We also 
obtained results for two off-center positions of the plate, HA = 1. 0 
and 4. 0 fo r  W = 5 chords and values of a up to 30°. 
The lift coefficient, drag coefficient and choking cavitation num- 
ber a r e  plotted versus a for W = 5 chords and the plate in mid- 
channel in Fig. 6. The dash-dot curve in Fig. 6 i s  the lift coefficient 
(1)  given by Wu's unbounded fluid theory a 
In Fig. 7 ,  we show the enlarged portion of Fig. 6 for a 5 30° 
with experimental values f rom corresponding to the choking 
0 determined by the present theory. Wade's experiment was performed 
with W%5 and the experimental cavitation numbers were obtained f rom 
measured cavity pressure.  Since it i s  difficult to operate the tunnel near 
choking condition, Wade was not able to obtain data a t  such low cavita- 
tion numbers: Therefore, we show values extrapolated f rom his data 
curves. One notices that a l l  points a r e  enveloped by the two theoretical 
curves. 
Cohen, Sutherland and T U ( ~ )  have worked out a l inearized theory 
f o r  a flat  plate at smal l  angles of a t tack and calculated 0 f o r  mid-channel 
position. However, their  definition of mid-channel is different f r o m  ours  
a s  we define mid-channel when the center  of the plate l ies  .on the center -  
line while they locate the leading edge of the plate on the centerline. As a 
r e su l t ,  it i s  not possible to make a d i rec t  comparison between the two 
theories .  F o r  ve ry  sma l l  angles of a t t ack ,  however, the discrepancy 
caused by the difference in definition becomes sma l l  and for  a = 6O, W = 5,  
the present  theory gives 0 = 0. 133, C = 0. 198 for  HA/(WmHA) = 0. 959 L 
and their  theory gives 0 2 0. 13  and C L  % 0.22 fo r  H ~ /  (w-HA) = 1. The 
values of their  calculations a r e  r e a d  f r o m  Fig. 10 of Ref. 3, hence a r e  
only approximate. 
Figure 8 shows the effect of plate position for  W = 5 chords. In 
this f igur e CL, CD and 0 a r e  p lo t t edve r sus  a for  a < 30° and two 
- 
values of HA. The dashed curves  a r e  HA = 1.0 and the solid ones a r e  
HA = 4. 0. As would be expected CL, CD and 0 a l l  increase  a s  the 
plate i s  lowered i n  the channel. 
We show C and U ver sus  a fo r  W = 8 with experimentalvalues L 
f r o m   arki in'^) in  Fig. 9. Again the experimental cavitation numbers  w e r e  
obtained f r o m  measured  cavity p r e s s u r e ,  however, in this case  only the 
0 data fo r  a = 8 and l o 0  were  obtained f r o m  extrapolated curves.  w 
Figures  10a and b show drag coefficient, CD, and choking cavita- 
tion number,  0 ,  ve r sus  channel width, W, for  a f la t  plate located mid-  
channel. The range i n  angle of attack is 5O to 90° and in W f r o m  3 to 20  
chords. CL may  easi ly  be obtained f r o m  Fig. 10a  and Eq. (5)  and the re -  
f o r e  i s  not presented here .  
In o rde r  to show the effect of the channel wal ls ,  we have plotted 
RCD, the ra t io  of CD bounded to CD unbounded ( I ) ,  (RCN = RCL = RCD) 
ve r sus  the channel width W in  Fig. 11. The curves a r e  fo r  the s a m e  
values of a and W a s  Figs .  10a and b except that  fo r  a = 90° RC,, i s  
shown f o r  W a s  low as 1.224. As would be expected when W = 20 the re  
i s  v e r y  l i t t le wall  effect  and a s  the channel becomes sma l l e r  the r a t io  
drops until the walls approach the plate where  the ra t io  increases .  This 
effect  i s  shown for  p = 90° where the ra t io  tends to infinity a t  W = 1. 
The curve of RCD for  each a will have a s imi lar  asymptote a t  W = s in  a. 
In Fig. 12, we have shown the distance of the stagnation point from 
the leading edge a s  a function of a.  At a = 15O, it i s  already difficult to 
IT 
te l l  the difference between the two points and a t  a = - the stagnation point 2 
is a t  mid-plate a s  one would expect. 
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APPENDIX 
.Procedures  for  numerical  computations 
In a d i rec t  problem one would specify the channel width, W, and the 
location of the plate (of chord unity), HA, for  a given angle of attack, then 
calculate a, h , h and the f o r c e  coefficients. However, in view of the 
1 2  
f o r m  of our solution it i s  necessary  to do the inverse  problem of choosing 
the transformation pa ramete r s  k , k , and ko (the downstream conditions, 
2 1 
h and h , when the flow i s  choked) and calculating W and HA. The 
1  2 
values of h and h a r e  related to  the k ' s  through the transformations 
1 2  
in  Eqs.  (8a) ,  (8b) and the jump conditions in  Eqs.  ( 9 )  and (10). The 
choice of k defines the geometry s o  that  the scaling fac tor ,  C,  or  m o r e  
2  
prec ise ly ,  the ra t io  V /  C i s  determined f r o m  Eq. (25). 
Given a value of k , k i s  easily determined by i terat ion of the 
2 1  
integral  condition of Eq. (21). The integral  in  this  equation cannot be num- 
er ical ly  integrated in  its ,present  f o r m  so we divide i t  into two integrals  
make the t ransformations 
p = x 2 - t k  in the f i r s t  integral,  
1 
s = k  - X  2 in the second integral,  
2  
and 
x 2  = + ( k - k )  
0 2  1 
and Eq. (21)  becomes 
This integral  i terat ion presents  no problem since all calculations a r e  p r e -  
formed on a high speed digital computer (IBM 7094). We now can calcu- 
late the remaining t ransformation pa ramete r ,  ko, f r o m  the specified 
ra t io  h / h  and Eq. (1 1 ). 
2 1  
To a id  in the tria.1 and e r r o r  solution of this problem the behavior 
of k and k for the plate in mid-channel a r e  shown in Fig. A-1 and 
2 1 
for  the off center positions in Fig. A-2. The remaining parameter  to  be 
guessed i s  h / h  which may be approximated by (W-HA-sina)/H F o r  
2 1 A' 
the mid-channel case  this quantity i s  roughly unity. 
The choking cavitation number,  0 ,  the channel width, W ,  the drag 
coefficient, CD, and the l i f t  coefficient, L' a r e  readily determined 
f r o m  Eqs. (22), (27),  (4 )  and ( 5 )  respectively.  The integral  in Eq. (22) 
i s  t rea ted  in the same  way a s  Eq. (21 ). 
To determine HA we must  f i r s t  evaluate the rat io  V /  C. F r o m  
Eq. (25) 
where R ( 5 )  i s  given in Eq. (20) and 
1 
1 al1(6) = - ;@tk  )(5 + k  )(t2- a - P ( t )  
1 2 5 ) h t - k  )(k - t ) ( l  - t 2 )  dt. 
$ 1 2  
F o r  numerical  integration, i t  i s  m o r e  convenient to introduce the new in- 
tegration variable  T = 6 - ' .  The f i r s t  integral  on the right hand side of 
e 
Eq. (A-3) now may be wri t ten 
and the second integral  
where 
and 1 - 
fit and aft a r e  obtained f rom the power se r ies  expansion of 7 and there-  
fore  a r e  suitable for  the calculation of small  values of T or  large values of 
6 .  For  a properly chosen T say T = 0.1, a truncated se r ies  of seven 
0' 0 
t e rms  i s  sufficient to give L?,' (70) identical to R *(T ) to five significant 
1 0  
figures. 
The remaining quantity to be evaluated i s  the integral in Eq. (26) 
Some analysis i s  needed before a straightforward numerical integration can 
be performed. One notices that the denominator of the integrand has a 
factor (f - k ) which causes the integral to be logarithmically singular un- 
1 
less  the numerator also vanishes a t  the upper limit. It i s  therefore neces- 
s a ry  to examine the behavior of the numerator a s  5 approaches k . Let us 
1 
study the behavior of 
a s  5 approaches k . We denote the regular par t  of the integrand in the 
1 
neighborhood of t = k a s  
1 
F(t) has the Taylor expansion 
where the coefficients F(k  ), F1(k  ) etc. a r e  finite numbers which can be 
1 1 
evaluated without any difficulty. If we now subtract f rom F ( t )  the f i r s t  
t e rms  of i ts  Taylor expansion then add them on la ter ,  the integral in 8 
I 
can be written 
k 
k t k 1 k 3 
t F(k  1 (t-kl'-z dt t F t ( k  ) (t-kl )Z F"(k ) i2 (t-k )Z at  t 1 3, t-e dt. I t -  5 1 t - 5  
I 1 I 
The integrand of the f i r s t  integral of Eq. (A-14) i s  finite and tends to zero 
a s  t approaches k because the t e rms  in the bracket a r e  of the order  
3 1 
( t  - k  ) . The remaining integrals of Eq. (A-14) a r e  integrated in closed 
1 
form: 
k 
J t 2- 2  1 - 2\/v[; - tan-'{?] k-k 
k 
3 
(t-k )2 S* 3 & d t =  =?; (k 2  - k I 12- 2(k 2 1 1  -k )/mt 2(k1-6)~[; - tan-li:: Ll 1. 
k 
1 
F r o m  Eqs. (A-13) and (A-14) i t  can be shown that in the neighborhood of 
6 = k , 8 has the asymptotic expression 
1 1  
where 
2 - P  (k ) 2F1($) F" (k ) 2  
- - 
TI d T ( k - k )  t -- (A- 15)  
" Wl 2  1 
In our final fo rm for numerical computation, the range of integra- 
tion of the integral in Eq. (26)  i s  split into two intervals;  
where E , small  and positive, i s  chosen so that a t  6 = k - E  , sin(8 t p - a )  
1 1 
can be safely approximated by 8 + P - a .  If we replace 8 , in the second 
I 1 
integral of Eq. (A-16) by i t s  asymptotic expression, Eq. (26) becomes 
where 
The integrals in  Eq. (A-17) can be easily evaluated since their integrands 
a r e  regular everywhere. 
z - plane 
Fig. 1 Sketch showing a flat  plate with an  infinite cavity in a water tunnel. 
f - plane 
Fig. 2 The complex potential plane of the flow. 
5 - plane 
Fig. 3 The parametr ic  L-plane. 
no- plane 
Fig. 4 The D - and &-planes. i2 = cosh-I I; = l o g ( 5 t m ) .  
Fig. 5 Boundary values of C2 on Re 5-axis. 
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ANGLE OF ATTACK , a 
Fig. 6 The dependence of CL, C, and o on the angle of attack, a ,  
for a f lat  plate located midway in a channel of width W = 5. 
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Fig. 7 Enlarged section of Fig 6 for  smal l  angles of at tack with 
experimental data extrapolated f r o m  Wade's data curves.  
ANGLE O F  A T T A C K ,  a ANGLE O F  ATTACK,  a 
Fig. 8 The effect of angle of at tack on CL, C, and CJ f a r  a f lat  plate Fig. 9 Comparison of CL f r o m  the present  theory with the unbounded 
located in two off-center positions in a channel of W = 5. theory and experimental data f r o m  Parkin  for a plate located 
mid-channel in  a channel of W = 8. 

Fig 
1 .o 
R C D 
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. 1 2  Distance of stagnation point f rom the leading edge f o r  W = 5 and the plate in mid-channel. 
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Fig. 11 The ratlo of C D  (bounded) to C (unbounded) ve r sus  W fo r  a f la t  plate located mid-channel. D 


DISTRIBUTION LIST FOR UNCLASSIFIED TECHNICAL REPORTS 
ISSUED UNDER 
CONTRACT Nonr -220(41) 
(Single copies un less  o therwise  specified) 
Chief of Naval R e s e a r c h  
Depar tment  of the  Navy 
Washington 25, D. C. 
Attn: Codes 438 (3) 
46 1 
463 
466 
Commanding Officer 
Office of Naval R e s e a r c h  
B r a n c h  Office 
495 S u m m e r  S t r e e t  
Boston 10,  Massachuse t t s  
Commanding Officer 
Office of Naval R e s e a r c h  
B r a n c h  Office 
207 Wes t  24th S t r e e t  
New York 11,  New York  
Commanding Officer 
Office of Naval R e s e a r c h  
B r a n c h  Office 
1030 E a s t  G r e e n  S t r e e t  
P a s a d e n a ,  Cal i fornia  
Commanding Officer 
Office of Naval R e s e a r c h  
Branch  Office 
1000 G e a r y  S t r e e t  
San  F r a n c i s c o  9 ,  California 
Commanding Officer 
Office of Naval R e s e a r c h  
B r a n c h  Office 
Box 39, Navy No. 100 
F l e e t  P o s t  Office 
New York ,  New York  (25) 
D i r e c t o r  
Naval R e s e a r c h  Labora to ry  
Washington 25, D. C. 
Attn: Code 2027 (6) 
Chief,  Bureau  of Naval Weapons 
Depar tment  of the Navy 
Washington 25, D. C .  
Attn: Codes RUAW - r 
RRRE 
RAAD 
RAAD- 222 
DIS -42 
Chief,  Bureau of Ships 
Depar tment  of the Navy 
Washington 25, D. C .  
Attn: Codes 310 
31 2 
335 
420 
421 
440 
44 2 
449 
Chief,  Bureau of Y a r d s  and Docks 
Depar tment  of the Navy 
Washington 25, D. C .  
Attn: Code D-400 
Commanding Officer and Di rec to r  
David Tay lor  Model Bas in  
Washington 7 ,  D. C.  
Attn: Codes 108 
142 
500 
51 3 
520 
5 25 
526 
526A 
5 30 
5 33 
580 
585 
589 
591 
591A 
700 
Commander  
U. S .  Naval Ordnance T e s t  Station 
P a s a d e n a  Annex 
3202 E .  Foothil l  Blvd. 
P a s a d e n a  8 ,  Cal i fornia  
Attn: Code P - 5 0 8  
Commander  
Planning Depar tment  
P o r t s m o u t h  Naval Shipyard 
P o r t s m o u t h ,  New Hampshi re  
Commander  
Planning Depar tment  
Boston Naval Shipyard Commande r Boston 29, Massachuse t t s  U.  S ,  Naval Ordnance T e s t  Station 
China Lake ,  Cal i fornia  
Attn: Code 753 
Commander  
Planning Depar tment  
P e a r l  H a r b o r  Naval Shipyard 
Navy No. 128, F l e e t  P o s t  Office 
San F r a n c i s c o ,  California 
Commander  
Planning Depar tment  
San F r a n c i s c o  Naval Shipyard 
San F r a n c i s c o  24, Cal i fornia  
Commander  
Planning Depar tment  
M a r e  I s l and  Naval Shipyard 
Vallejo,  Cal i fornia  
Commander  
Planning Depar tment  
New York  Naval Shipyard 
Brooklyn 1 ,  New York  
Commander  
Planning Depar tment  
P u g e t  Sound Naval Shipyard 
B r e m e r t o n ,  Washington 
Commander  
Planning Depar tment  
Phi ladelphia  Naval Shipyard 
U.  S.  Naval B a s e  
Phi ladelphia  12, Pennsylvania  
Commander  
Planning Depar tment  
Norfolk Naval Shipyard 
P o r t s m o u t h ,  Virginia  
Commander  
Planning Depar tment  
Char les ton  Naval Shipyard 
U.  S .  Naval B a s e  
Char les ton ,  South Carol ina  
Commander  
Planning Depar tment  
Long Beach Naval Shipyard 
Long Beach 2, Cal i fornia  
Commander  
Planning Depar tment  
U .  S.  Naval Weapons Labora to ry  
Dahlgren,  Virginia 
Commander  
U .  S.  Naval Ordnance Labora to ry  
White Oak, Maryland 
D r .  A .  V.  Hershey  
Computation and E x t e r i o r  
Ba l l i s t i c s  Labora to ry  
U .  S .  Naval Weapons Labora to ry  
Dahlgren,  Virginia 
Superintendent 
U .  S .  Naval Academy 
Annapolis ,  Maryland 
Attn: L i b r a r y  
Superintendent 
U .  S. Naval Pos tg radua te  School 
Monterey , Cali fornia  
Commandant 
U .  S. Coas t  Guard  
1300 E .  S t r e e t ,  N. W. 
Washington, D. C.  
S e c r e t a r y  Ship S t ruc tu re  Commit tee  
U.  S.  Coast  Guard  Headquar te r s  
1300 E S t r e e t ,  N. W. 
Washington, D. C .  
Commander  
Mil i tary  Sea Transpor ta t ion  Serv ice  
Depar tment  of the Navy 
Washington 25, D. C .  
U .  S. Mar i t ime  Adminis t ra t ion 
GAO Building 
441 G S t r e e t ,  N.  W. 
Washington, D. C .  
Attn: Division of Ship Design 
Division of R e s e a r c h  
Superintendent 
U .  S. Merchant  Mar ine  Academy 
Kings Po in t ,  Long Is land,  New York 
Attn: Capt. L .  S .  McCready 
(Dept. of Engineer ing)  
Commanding Officer and D i r e c t o r  
U .  S.  Navy Mine Defense Labora to ry  
P a n a m a  Ci ty ,  F l o r i d a  
Commanding Officer 
NROTC and Naval Adminis t ra t ive  
Massachuse t t s  Insti tute of Technology 
Cambridge 39, Massachuse t t s  
U .  S. A r m y  Transpor ta t ion  R e s e a r c h  and 
Development Command 
F o r t  E u s t i s ,  Virginia  
Attn: Mar ine  T r a n s p o r t  Division 
M r .  J .  B .  P a r k i n s o n  
National Aeronaut ics  and Space 
Adminis t ra t ion 
1512 H S t r e e t ,  N. W. 
Washington 25, D. C .  
D i r e c t o r  
Langley R e s e a r c h  Center  
Langley Station 
Hampton, Virginia  
Attn: M r .  I.  E.  C a r r i c k  
M r .  D. J .  M a r t e n  
D i r e c t o r  Engineering Sciences  Division 
National Science Foundation 
195 1 Constitution Avenue, N. W. 
Washington 25, D. C. 
D i r e c t o r  
National Bureau  of Standards  
Washington 25, D. C. 
Attn: Fluid  Mechanics Division 
( D r .  G. B .  Schubauer)  
D r .  G. H. Keulegan 
D r .  J .  M. Frank l in  
Defense Documentation Cente r  
C a m e r o n  Station 
Alexandr ia ,  Virginia ( 2 0 )  
Office of Technical  S e r v i c e s  
Depar tment  of C o m m e r c e  
Washington 25, D. C.  
California Insti tute of Technology 
P a s a d e n a  4,  California 
Attn: P r o f e s s o r  M. S.  P l e s s e t  
P r o f e s s o r  T .  Y.  Wu 
P r o f e s s o r  A.  J .  Acosta  
Univers i ty  of Cal i fornia  
Depar tment  of Engineer ing 
Los Angeles 24, Cal i fornia  
Attn: D r .  A.  Powel l  
D i r e c t o r  
Scr ipps  Insti tute of Oceanography 
Univers i ty  of Cal i fornia  
L a  J o l l a ,  Cal i fornia  
. P r o f e s s o r  M. L. Alber t son  
Depar tment  of Civil Engineer ing 
P r o f e s s o r  J .  
Depar tment  of Civil Engineer ing 
Colorado Sta te  Univers i ty  
F o r t  Col l ins ,  Colorado 
H a r v a r d  Universi ty 
Cambridge 38, Massachuse t t s  
Attn: P r o f e s s o r  G. Birkhoff 
(Dept. of Mathemat ics)  
P r o f e s s o r  G. F. C a r r i e r  
(Dept. of Mathemat ics)  
Universi ty of Michigan 
Ann A r b o r ,  Michigan 
Attn:  P r o f e s s o r  R. B.  Couch 
(Dept. of Naval Arch i tec tu re )  
P r o f e s s o r  W. W .  Wil lmarth  
(Aero .  Engineer ing Depar tment)  
D r .  L. G. Straub,  D i r e c t o r  
St .  Anthony F a l l s  Hydraul ic  Labora to ry  
Univers i ty  of Minnesota 
Minneapolis 14,  Minnesota 
Attn: M r .  J .  N. Wetzel  
P r o f e s s o r  B .  S i lbe rman  
P r o f e s s o r  J .  J .  Foody 
Engineer ing Depar tment  
New York State Univers i ty  Mar i t ime  College 
F o r t  Schulyer ,  New York  
New York Univers i ty  
Insti tute of Mathemat ical  Sciences  
25 Waver ly  P l a c e  
New York  3, New York  
Attn:  P r o f e s s o r  J .  Ke l le r  
P r o f e s s o r  J .  J .  Stoker  
The Johns  Hopkins Univers i ty  
Depar tment  of Mechanical  Engineering 
Ba l t imore  18,  Maryland 
Attn: P r o f e s s o r  S. C o r r s i n  
P r o f e s s o r  0. M. Phi l l ips  (2) 
Massachuse t t s  Insti tute of Technology 
Depar tment  of Naval Arch i tec tu re  and  
Mar ine  Engineer ing 
Cambridge 39, Massachuse t t s  
Attn: P r o f e s s o r  M.  A. Abkowitz, Head 
P r o f e s s o r  W .  R.  S e a r s  D r .  G. F. Wisl icenus  
Graduate  School of Aeronaut ical  Engineer ing Ordnance R e s e a r c h  Labora to ry  
Cornel l  Univers i ty  Pennsylvania  State Univers i ty  
I thaca ,  New York  Univers i ty  P a r k ,  Pennsylvania  
Attn: D r .  M.  Sevik Sta te  Univers i ty  of Iowa 
Iowa Insti tute of Hydraul ic  R e s e a r c h  P r o f e s s o r  R.  C.  D i P r i m a  
Iowa Ci ty ,  Iowa Depar tment  of Mathemat ics  
Attn: D r .  H.  Rouse Rens  s e l a e  r Polytechnic  Insti tute 
D r .  L. Landweber T r o y ,  New York  
Massachuse t t s  Insti tute of Technology D i r e c t o r  
Cambr idge  39, Massachuse t t s  Woods Hole Oceanographic Insti tute 
Attn:  Depar tment  of Naval Arch i tec tu re  Woods Hole,  Massachuse t t s  
and Mar ine  Engineer ing 
P r o f e s s o r  A. T .  Ippen 
Stevens Insti tute of Technology Shipsmodell tanken 
Davidson Labora to ry  Trondheim,  Norway 
Cas t l e  Po in t  Station Attn: P r o f e s s o r  J .  K. Lunde 
Hoboken, New J e r s e y  
Attn: Mr. D. Savitsky- 
M r .  J .  P. B r e s l i n  
M r .  C. J .  Henry  
M r .  S.  Tsakonas  
Webb Insti tute of Naval Arch i tec tu re  
C r e s c e n t  Beach Road 
Glen Cove, New York 
Attn: P r o f e s s o r  E .  V .  Lewis 
Technical  L i b r a r y  
Versuchsans ta l t  fu r  W a s s e r b a u  and 
Schiffbau 
Schleuseninsel  i m  T i e r g a r t e n  
B e r l i n ,  Germany  
Attn: D r .  S .  S c h u s t e r ,  Di rec to r  
Dr .  G r o s s e  
Technis  che Hoges chool 
Insti tut  voor  Toegepaste  Wiskunde 
Jul ianalaan 1 32 
Executive D i r e c t o r  Delft ,  Nether lands  
Ai r  F o r c e  Office of Scientif ic R e s e a r c h  Attn: P r o f e s s o r  R.  T imman 
Washington 25, D. C .  
Attn: Mechanics Branch  Bureau  D'Analyse  e t  de Recherche Appliquee s 
Commander  47 k>enue Victor  B r e s s o n  
Wright A i r  Development Division I s  s y  - L e s  -Moulineaux 
A i r c r a f t  Labora to ry  Seine ,  F r a n c e  
Wrigh t -Pa t t e rn  A i r  F o r c e  B a s e ,  Ohio Attn: P r o f e s s o r  S ies t runck  
Attn: M r .  W. Mykytow, Dynamics  Nether lands  Ship Model Bas in  B r a n c h  Wageningen, The Nether lands  
Cornel l  Aeronaut ical  Labora to ry  Attn: D r .  I r .  J .  D,  vanManen 
4455 Genesee  S t r e e t  National Phys ica l  Labora to ry  Buffalo, New York  Teddington, Middle s e x ,  England Attn: M r .  W .  Targoff Attn: M r .  A.  S i lve r lea f ,  Superintendent 
M r .  R.  White Ship Division 
Massachuse t t s  Insti tute of Technology Head,  Aerodynamics  Division 
Fluid  Dynamics  R e s e a r c h  Labora to ry  Head, Aerodynamics  Depar tment  Cambridge 39, Massachuse t t s  Royal A i r c r a f t  Es tab l i shment  Attn: P r o f e s s o r  H. Ashley F a r n b o  rough, Hants , England P r o f e s s o r  M. Landahl Attn: M r .  M. 0. W. Wolfe 
D r .  S .  F. H o e r n e r  
uchsans ta l t  48 Busteed Drive 
B r a m f e l d e r  S t r a s  s e  164 Midland P a r k ,  New J e r s e y  Hamburg  33, Germany  
Attn: D r .  H. Schwanecke Boeing Airplane Company 
D r .  H.  W. L e r b s  Seat t le  Division 
Insti tut  f u r  Schii ibau d e r  
Unive r s i t a t  Hamburg 
Seat t le ,  Washington 
Attn: M r .  M. J .  T u r n e r  
" 
B e r l i n e r . T o r  21 E l e c t r i c  Boat Division 
Hamburg  1 ,  Germany  Genera l  Dynamics  Corporat ion 
Attn: P r o f .  G. P. Weinblurn, Groton,  Connecticut  
Attn: M r .  Rober t  McCandl iss  Transpor ta t ion  Technical  R e s e a r c h  Insti tute 
1-1057, Mej i ro-Cho,  Toshima-Ku Genera l  Applied Sciences  Labs .  , Inc. 
Tokyo, J a p a n  M e r r i c k  and S tewar t  Avenues 
Wes tbury ,  Long I s land ,  New York Max-Planck Ins t i tu t  f u r  St romungsforschung 
B o t t i n g e r s t r a s s e  618 Cibbs  and Cox, Inc.  
Gottingen, Germany  21 Wes t  S t r e e t  
Attn: D r .  H. Re ichard t  New York ,  New York  
Hydro-og Aerodynamisk Labora to r ium Lockheed A i r c r a f t  Corporat ion 
Lyngby, Denmark  M i s s i l e s  and  Space Division 
Attn: P r o f e s s o r  C a r l  P r o h a s k a  P a l o  Alto,  Cal i fornia  
Attn: R. W. Mermeen 
G r u m m a n  A i r c r a f t  Engineering Corp.  
Bethpage,  Long Is land,  New York  
Attn: M r .  E .  B a i r d  
M r .  E .  Bower 
M r .  W. P. C a r l -  
Midwest R e s e a r c h  Insti tute 
425 Volker Blvd. 
Kansas  City 10,  Missour i  
Attn: M r .  Zeydel 
D i r e c t o r ,  Depar tment  of Mechanical  
Sciences  
Southwest R e s e a r c h  Insti tute 
8500 Culebra  Road 
San Antonio 6, Texas  
Attn: D r .  H. N.  Abramson  
M r .  G. Ransleben 
Edi to r ,  Applied Mechanics 
Review 
Convair  
A Division of Genera l  Dynamics 
San Diego, Cal i fornia  
Attn: M r .  R .  H. Oversmi th  
. M r .  H. T .  Brooke 
Hughes Tool Company 
A i r c r a f t  Division 
Culve r Ci ty ,  Cal i fornia  
Attn: M r .  M. S .  Harned  
Hydronaut ics ,  Incorpora ted  
P inde l l  School Road 
Howard County 
L a u r e l ,  Maryland 
Attn: M r .  Ph i l l ip  E i senberg  
Rand Development Corporat ion 
13600 Deise  Avenue 
Cleveland 10,  Ohio 
Attn: D r .  A. S .  Ibe ra l l  
M r .  J .  G. B a k e r  
B a k e r  Manufacturing Company 
Evansvi l le ,  Wisconsin  
C u r t i s s  -Wright Corporat ion Research  
Division 
Turbomachine r y  Division 
Quehanna, Pennsylvania  
Attn: M r .  George H. P e d e r s e n  
D r .  Bla ine  R.  P a r k i n  
AiResearch  Manufacturing Corporatiorl 
9851 -9951 Sepulveda Boulevard 
Los  Angeles 45, Cal i fornia  
The Boeing Company 
Aero  -Space Division 
Seatt le 24, Washington 
Attn: M r .  R.  E .  Bateman 
( Internal  Mail  Station 46- 74) 
Lockheed A i r c r a f t  Corporat ion 
California Division 
Hydrodynamics R e s e a r c h  
Burbank,  Cal i fornia  
Attn: M r .  Bi l l  E a s t  
National R e s e a r c h  Council 
Montreal  Road 
Ottawa 2 ,  Canada 
Attn: M r .  E .  S .  T u r n e r  
The Rand Corporat ion 
1700 Main S t r e e t  
Santa Monica,  California 
Attn: Technical  L ibra ry  
Stanford Univers i ty  
Depar tment  of Civil Engineering 
Stanford,  Cal i fornia  
Attn: D r .  Byrne  P e r r y  
D r .  E .  Y. Hsu  
D r .  H i r s h  Cohen U. S .  Rubber Company IBM R e s e a r c h  Center  R e s e a r c h  and Development Depar tment  p .  O.  Box 218 Wayne, New J e r s e y  Yorktown Heights ,  New York Attn: M r .  L. M.  White 
M r .  David Wellinger Technical  R e s e a r c h  Group ,  Inc. Hydrofoil P r o j e c t s  Route 110 Radio Corporat ion of A m e r i c a  Melvi l le ,  New York,  11749 Burlington,  Massachuse t t s  
Attn: M r .  J a c k  Kotik 
Food Machinery Corporat ion 
M r .  C .  Wigley P. 0. Box 367 F l a t  1 0 2  San J o s e ,  California 6-9 Char te rhouse  Square  Attn: M r .  G. Tedrew London, E .  C .  1 ,  England 
D r .  T .  R. Goodman 
AVCO Corporat ion Oceanics ,  Inc. 
Lycoming Division Technical  Indus t r i a l  P a r k  
1701 K S t r e e t ,  N. W. Pla inview,  Long Is land,  New York 
Apt. No. 904 
Washington,  D. C .  
Attn: M r .  T .  A .  Duncan 
P r o f e s s o r  Brunelle 
Depar tment  of Aeronautical  Engineering 
Pr ince ton  University 
Pr ince ton ,  New J e r s e y  
Commanding Officer 
Office of Naval Resea r ch  Branch  Office 
21 9 S. Dearborn  S t ree t  
Chicago 1 ,  Illinois 60604 
University of Colorado 
Aerospace  Engineering Sciences 
Boulder,  Colorado 
A t t n  Prof .  M. S. Uberoi 
The Pennsylvania State Univers i ty  
Dept. of Aeronautical  Engineering 
Ordnance R esea r ch  Laboratory 
P .  0 .  Box 30 
State College, Pennsylvania 
Attn: P r o f e s s o r  J .  Will iam Holl 
Insti tut  fu r  Schiffbau der  Univers i ta t  Hamburg 
Lammers i e th  90 
2 Hamburg 3 3 ,  Germany 
Attn: Dr .  0. G r i m  
Technische Hogeschool 
Labora tor ium voor Scheepsbounkunde 
Mekelweg 2 ,  Delft, Netherlands 
Attn: P r o f e s s o r  I r .  J. G e r r i t s m a  
Unclassified 
Office of Naval Research ,  Dept. of the Navy 
Ai, Danield K. and Harr ison,  Zora L. 
b. P R O J E C T  NO. 
"Qualified reques ters  may obtain copies of this repor t  f r o m  DDC. I '  
Office of Naval Research  
A nonlinear theory fo r  the calculation of the flow field of an  oblique flat  plate 
under blockage condition i s  given using the techniques of integral  equations. 
Numerical resu l t s  a r e  obtained with the aid of a high speed digital computer for  
the plate situated mid-channel a t  values of the angle of attack f r o m  5O to 90° and 
the channel-width-chord ra t io  f r o m  3 to 20. Also obtained a r e  resu l t s  for  the 
plate situated a t  two different off-center positions fo r  a channel width-chord 
ra t io  of 5 and angles of attack l e s s  than 30°. 
Unc la s s if ie  d 
Security Classification 
(1) "Qualified r e q u e s t e r s  may obta in  c o p l e s  of t h r a  
report from D D C "  
2a. R E P O R T  SECURITY CLASSIFICATION: Enter  t h e  over- (2)  "Fore ign  announcement und d tsacmina t lon  of thin 
al l  s e c u r i t v  c l a s s ~ Z ~ c a t i o n  of t h e  report. I n d i c a t e  whether report by DDC IS not a u l h o r i ~ e d "  
"Res t r tc ted  Data" 1s i n c l u d e d  M a r k ~ n g  i s  to b e  i n  a c c o r d  
a n c e  wlth appropriate secur r ty  regulat tons.  (3)  'W. S. Government a g e n c i e s  may o b t a i n  c o p i e s  of 
t h i s  report d u e c t l y  from DDC. O t h e r  qualrfred DDC 
26. GROUP: Automatrc downgrading 1s s p e c i f l e d  i n  DoD Dl- u s e r s  s h a l l  reques t  through 
r e c t ~ v e  5200.10 and Armed F o r c e s  Indus t r ia l  Manual. Enter  
the group number Also,  when applicable, show that  o p t ~ o n a l  
m a r k ~ n g s  have  b e e n  used for Group 3 and Group 4 a s  author-  (4) "U. S. nuli tdry a g e n c i e s  mdy o b t a ~ n  c o p r r s  of t h l s  
report  d ~ r e c t l y  from D D C  O t h e r  qualif ied u s e r s  
3. R E P O R T  T I T L E :  Enter  t h e  comple te  report t i t l e  ~n all s h a l l  reques t  through 
c a p ~ t a l  et ters .  Ti:les In a l l  c a s e s  should  b e  unc lass i f ied .  
If a  meaningful  t l t l e  cannot  b e  s e l e c t e d  wlthout c l a s s i f i c a -  
tion, show t t t l e  c l a s s ~ f ~ c a t l o n  i  a l l  c a p i t a l s  rn p a r e n t h e s i s  (5) "Ail d l s t r i b u t ~ o n  of this report  1s c o n t r o l l e d  Qual- 
lrnmedlately following the  t ~ t l e .  i f led DDC u s e r s  aha l l  reques t  through 
4. DESCRIPTIVE NOTES: If appropriate,  e n t e r  the  type  of 
report, e. g , ,  rnter:m, progress ,  summary, annual ,  or final. 
12. SPONSORING MILITARY ACTIVITY: E a e r  t h e  name of 
t h e  depar tmenta l  p ro jec t  o f f i c e  or  laboratory sponsoring (pa)- 6. R E P O R T  D A T L  Enter  t h e  d a t e  of the  report  a s  day ,  ing for) t h e  r e s e a r c h  und development.  Inc lude  address.  
month, year ,  or month, yeat. if  more t h a n  o n e  d a t e  a p p e a r s  
on t h e  report, u s e  d a t e  of publlcat lon.  13 ABSTRACT.  E n t e r  a n  a b s t r a c t  g lv lng  e brief and  f a c t u a l  
78.  T O T A L  NUMBER O F  P A G E 3  T h e  total  p a g e  count  summary of the  document l n d ~ c a t ~ v r  of t h e  report, e v e n  though 
~t may a l s o  a p p e a r  e l s e w h e r e  tn t h e  body of the t e c h n t c a l  r e -  
should  follow normal pagina t ion  p r o c e d w e s ,  1.e.. en te r  t h e  port If addr t iona l  s p a c e  IS requtred,  a  cont inua t ion  s h e e t  s h a l l  fiumber of p a g e s  conta ln lng  ~ n f o r m a t i o n  be a t t a c h e d .  
7b  NUhfBER O F  REFERENCES:  Enter  t h e  to ta l  number of 
r e f e r e n c e s  c t t e d  In t h e  report. 
T h e r e  is n o  l ~ m i t a t r o n  on  t h e  l e n ~ t h  of the  ubs t rac l  ti luw 
811, &, & 8d. PROJECT NUMQER: E n t e r  t h e  approprtate e v e r ,  the  s u g g e s t e d  length rs from 1 5 0  1.3 2 2 5  words 
mil i tary department ~ d e n t t f r c a t ~ o n ,  s u c h  a s  pro jec t  number, 
subpro jec t  number, s y s t e m  nunibers, t a s k  number, etc. 14 K E Y  WORDS: Key words  a r c  technica l ly  m r u n ~ n g f u l  terms 
project  c o d e  nurne, geographrc locution,  mdy be used  u s  key 
word.; but will be  fol lowed by a n  indrcat ion of t r c h r u c a l  c o n -  
text .  T h e  a s s i g n m e n t  of Irnks,  r u l e s ,  and  weigtrts IS  opt iunul  
Unclassified 
Security Clrtssificaaion 
